Polarization transfer in the ^He(e, e'p)^H reaction 
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Polarization transfer in the *He(e, e'p)^H reaction at a 
of 0.4 (GeV/c)^ was measured at the Mainz Microtron 
MAMI. The ratio of the transverse to the longitudinal polar- 
ization components of the ejected protons was compared with 
the same ratio for elastic ep scattering. The results are consis- 
tent with a recent fully relativistic calculation which includes 
a predicted medium modification of the proton form factor 
based on a quark-meson coupling model. 
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A long standing question in nuclear physics is the effect 
of the nuclear medium on the properties of the nucleon. 
The close proximity of nuclcons in the nucleus would 
lead one to expect effects on the spatial distribution 
of the nucleon's constituent particles. However, experi- 
mentally distinguishing changes of the nucleon structure 
from other conventional nucleus-related effects, such as 
meson-exchange currents (MEG), isobar configurations 
(IC), and final state interactions (FSI) has proven diffi- 
cult. The form factor of a bound nucleon is not directly 
observable; it must be inferred from calculations which 
predict how a modification of the form factor will affect 
measurable quantities such as cross sections or polariza- 
tions. 

In this paper we report on the first measurement 
of polarization transfer in the '*He(e, e'pj^H reaction in 
quasielastic parallel kinematics. Polarization provides a 
sensitive test of any model and should be more sensitive 
to changes in the form factor than cross section measure- 
ments. 

Several recent calculations have demonstrated the 
importance of dynamic enhancement of lower compo- 
nents of Dirac spinors (spinor distortions) for the (e, e'p) 
reaction. The Rlt response function is sensitive to dis- 
tortion of the bound-state spinor while recoil polarization 
is more sensitive to distortion of the ejectile spinor. The 



relativistic calculations of Udias et al. provide excellent 
descriptions of Atl in ^^0(6, e'p) Q| and the induced 
polarization for ^^C{e,e'p) ||]. The sensitivity of recoil 
polarization to possible density dependence of nucleon 
form factors was investigated first by Kelly 1^ using a 
local density approximation for the current operator and 
an effective momentum approximation (EMA) for spinor 
distortion. Udias then performed a fully relativistic cal- 
culation which shows that the accuracy of the EMA for 
the recoil polarization is better than 1% for missing mo- 
mentum < 100 MeV/c. Both groups have shown that 
recoil polarization for modest pm is relatively insensitive 
to gauge and Gordon ambiguities and to variations of the 
optical potential and have concluded that polarization 
transfer provides a promising probe of density-dependent 
modifications of nucleon electromagnetic form factors. 

Polarization transfer was first used to study nuclear 
medium effects in deuterium |^-|^. Within statistical 
uncertainties, no evidence of medium modifications was 
found. Malov et al. |ic| ] made the first measurement of 
polarization transfer in a complex nucleus, ^^O. Their re- 
sults were consistent with predictions of relativistic cal- 
culations, with limited statistical precision. 

Gross section data indicate only upper limits on possi- 
ble modifications of the form factors in the nucleus. The 
limits come primarily from quasielastic electron scatter- 
ing with separation of the longitudinal and transverse 
response functions [pT|-p^ and from y-scaling [p^-p7| of 
inclusive electron scattering. In the range of 0.1 to 
0.5 (GeV/c)^ L/T separations limit modifications to 3% 
for the magnetic and 5-10% for the electric form factor. 
The limits from y-scaling at higher Q^, in the range of 1 
to 5 (GeV/c)^, are about the same. 

While the data exclude substantial form factor mod- 
ification, especially of the magnetic form factor, recent 
theoretical work predicts modifications within the ex- 
perimental hmits (l|-|2^. Lu et al. |l^, using a quark- 
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meson coupling model (QMC), and Frank et al. 19 1, us- 
ing a light front constituent quark model, both predicted 
changes of a few percent in the form factors. Lu calcu- 
lated the change for both ^^O and "^He and found little 
difference in the size of the modification. We shall later 
examine the effect on the predicted polarization of the 
QMC modification. 

In the case of electron-nucleon scattering, there is a 
direct relationship between the form factors and the po- 
larization transfer components p2[ : 
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where E and E' are the energies of the incident and scat- 
tered electron, is the electron scattering angle, m^v is 
the nucleon mass, and the longitudinal and transverse 
polarization transfer observables are P^ and P^, respec- 
tively. The relation in Eq. (|l|) was recently used to ex- 
tract Ge/Gm for the proton [8|p^. This relationship is 
only approximately correct for electron scattering from 
a bound nucleon; one must calculate the expected polar- 
ization ratio in the context of some model. 

We use the coordinate system with unit vectors point- 
ing in the direction of the three momentum transfer 
z = q, normal to the electron scattering plane y — 
[ki X kf)/\ki X fcjl, and transverse x ~ y x z, where the 
initial and final electron momenta are ki and k f . The re- 
sults are presented in terms of and P!,, the projections 
of the transferred polarizations on these axes. 

The advantage of using polarization is that the polar- 
izations do not depend on the target thickness or total 
current; the beam polarization and analyzing power both 
cancel in the ratio of polarizations. The difference be- 
tween the asymmetries measured with positive and neg- 
ative beam helicity cancels instrumental asymmetries to 
first order. The only significant experimental systematic 
uncertainty is the determination of the spin precession in 
the spectrometer. 

This experiment was done at MAMI at the Johannes 
Gutenberg- Universitat, Mainz, Germany, using the spec- 
trometer facilities of the Al collaboration Ref. [Q. A 
proton focal plane polarimeter (FPP) was installed in 
Spcct. A lHj. The beam energy was 854.5 MeV. The 
nominal settings were 625 MeV/c central momentum at 
50.24° for the electron arm (Spect. B) and 660 MeV/c 
and 46.56° for the proton arm (Spect. A). The data cov- 
ered the range of 0.35 to 0.42 (GeV/c)^. To measure 
the polarization ratio for the free proton and to study 
systematic effects, ep elastic scattering data were taken 
at the same nominal settings as for the "^He measurement 
except that the central angle for the proton arm was set 
to 48.16° in order to better match the kinematic accep- 
tance. 

The FPP includes a graphite analyzer with a thick- 
ness of 11.9 g/cm^ (7 cm). The spectrometer vertical 



drift chambers serve as the tracking detectors before the 
analyzer and two horizontal drift chambers track scat- 
tered protons after the analyzer. The basic design of the 
FPP is similar to several used previously |2^ . For further 
details, see Ref. p5[ . 

The helium target consisted of a gas cell 8 cm long, 
at a temperature of 19 K and pressure of 19 bar. The 
target thickness was about 250 mg/cm^. The same cell 
was used for liquid hydrogen, with a thickness of about 
560 mg/cm^, in order to minimize any systematic differ- 
ences. The beam current used for hydrogen was typically 
0.5 /iA, set by the data acquisition rate, and for helium 
14 fj,A. The beam polarization was approximately 75%, 
as determined from the recoil polarization measured for 
hydrogen using the analyzing power from Ref. |^ . The 
invariant mass resolution was approximately 0.8 MeV, 
which allowed clear separation of the ^Hp final state from 
the ^Hpn and ppnn final states. 

In the data analysis the criteria for selected events in- 
cluded, among others, tests on spectrometer acceptance, 
target geometry, missing mass, and FPP polar scatter- 
ing angle (7° < 9c < 35°). The physical quantities of 
interest, and P^, were determined by means of the 
maximum likelihood technique, utilizing the azimuthal 
distribution of the protons scattered from the graphite 
analyzer 
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The asymmetries ex and ey are proportional to the an- 
alyzing power and to the proton's polarizations perpen- 
dicular to its momentum as it enters the analyzer and are 
linear functions of the proton's polarization components 
at the target. The relationship is given by a rotation 
which takes into account the change of coordinate system 
and the proton spin precession ||2^ in the spectrometer's 
magnetic fields and is calculated on an event by event 
basis. 

The systematic uncertainty in the determination of 
P'x/P'z can be estimated by introducing artificial shifts 
in various parameters and finding the effect on the ra- 
tio. The total systematic uncertainty was estimated to 
be ±0.03 on the ratio, for both helium and hydrogen. 

TABLE I. Polarization ratios with statistical and esti- 
mated systematic uncertainties. The world average, last row, 
is derived from measurements of Gb and Gm- 



Target 


PL /PL 


Ref. 


^He 


-0.862 ± 0.020 ± 0.03 


this work 




-0.978 ± 0.044 ± 0.03 


this work 




-0.952 ± 0.008 





Table | lists the extracted polarization ratios for '''He 
and ^H. No radiative corrections have been applied; they 
are expected to have an effect which is of order 1% p8|. 



The hydrogen ratio is found to be in agreement with 
the polarization ratio derived from the world average of 
Ge/Gm i-ilQ for data between Q"^ of 0.3 and 0.5 
(GeV/c)2. 

Since systematic effects on the polarization ratio for 
hydrogen and helium were nearly the same in both size 
and sign, the effect of systematic uncertainties on the 
ratio of helium to hydrogen data 

R={P'jP'.)nJ {P'JP'M (3) 

nearly canceled. This "super-ratio" is estimated to have a 
systematic uncertainty of less than 0.01. The uncertainty 
on R is then limited by the statistical uncertainty, mainly 
of the hydrogen ratio measured in this experiment. Using 
the ratio of Ge/Gm derived from the world average for 
hydrogen would give a smaller statistical uncertainty but 
larger systematic uncertainty. Table || lists the super- 
ratio, using the hydrogen ratio from this experiment, as 
a function of Pm, along with the value averaged over the 
entire data set. Negative values of pm correspond to the 
recoiling nucleus having a momentum component along 
the direction of q. 



TABLE II. 7? as a function of missing momentum. 



p„ (MeV/c) 


{P'JP'.W 1 {PL/P'.U 


-53 


0.88 ± 0.05 ± 0.01 


55 


0.89 ± 0.05 ± 0.01 


mean 


0.88 ± 0.04 ± 0.01 



A meaningful interpretation of the polarization ratio 
measured for "^He with that of hydrogen can only be 
made by utilizing theoretical calculations which include 
the effects of FSI, the off-shell current operator, relativis- 
tic effects, MEG, and IC on the ratio. In addition, any 
calculation must be averaged over the spectrometer ac- 
ceptance. 

We now proceed as follows. The polarization transfer 
is predicted using a model which includes the free form 
factors and the best phenomcnologically determined op- 
tical potentials and bound state wave functions (BSWF), 
and FSI. MEG and IG are included in one nonrelativistic 
model. If the value predicted using the free form factor 
does not describe the measured value well, within the the- 
oretical uncertainties, the effect of a modified form factor 
will be considered. If the new value predicted provides a 
better description of the data, we can take it as evidence 
that the proton form factors inside '*He differ from those 
of a free proton. 

Figure Q shows a comparison of the experimen- 
tal result R, the *He polarization ratio normal- 
ized to the hydrogen ratio, with the acceptance- 
averaged calculations. The hydrogen calculation 
made use of the same form factor parameteri- 
zation as does the corresponding ''He calculation. 
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FIG. 1. Comparison of measured R (Exp.) with theoretical 
calculations. Laget - PWIA (1); full calculation (2). Udias 
- PWIA, ccl (3), cc2 (4); positive energy projection, ccl (5), 
cc2(6); no spinor distortions, ccl (7), cc2 (8); fully relativistic, 
ccl (9), cc2 (10); fully relativistic, and QMC, ccl (11), cc2 
(12). 

We first examined the effect of MEG and IG using the 
non-relativistic calculations of Laget [Q. The result of 
the full Laget calculation was found to be nearly identi- 
cal to the PWIA result, points 2 and 1, respectively, in 
Fig. [|, indicating that MEG and IG do not contribute 
significantly in our kinematics. There is a discrepancy of 
over two standard deviations between the observed value 
and both calculations of Laget. 

We next use the model of Udias et al. to determine the 
magnitude of relativistic effects. Udias solves the Dirac 
equation and uses relativistic optical potentials, but does 
not include MEG or IG. For each case, we give the result 
for two different de Forest ^l| off-shell current operators, 
ccl and cc2. The PWIA calculation of Udias (points 3 
and 4) includes positive and negative energy components 
for the bound state, but only positive energy components 
for the ejected nucleon. It gives nearly the same results 
as that of Laget, indicating that R is insensitive to the 
negative energy components of the bound state. The 
calculations are insensitive to differences between the two 
forms of the current operator. 

The optical potential for p+^H was obtained by fold- 
ing a density-dependent empirical effective pN interac- 
tion (EEI) with the measured charge density for tritium. 
Kelly and Wallace ||3^] derived an effective interaction for 
nucleon- nucleus scattering for 9 < ^ < 208, designated 
IA2, in which spinor distortion is represented by density- 
dependent modifications that are very similar to those of 
the EEI model fitted to proton elastic and inelastic scat- 
tering data. Some parameters were adjusted to fit p^He 
data yielding a better fit to the proton elastic scattering 
data than any previous optical potential. Furthermore, 
the dominant source of density dependence is consistent 
with the spinor distortion employed by relativistic (e, e'p) 
calculations. We investigated the sensitivity to final-state 
interactions by using several other optical models and 



found variations of ±0.02 in the polarization ratio. 

In principle, the result should not depend on the gauge 
used. However, the calculations do show a small gauge 
dependence. We show the result using the Coulomb 
gauge, which gives nearly the same ratio as the Landau 
gauge; the Weyl gauge gives a larger ratio by 0.04. 

The results of the Udias relativistic calculation project- 
ing out the negative energy sector (points 5 and 6) and 
with no spinor distortion (points 7 and 8), called EMA- 
noSV in Ref. are also nearly the same as the PWIA 
calculation (points 3 and 4), demonstrating the small in- 
fluence of relativistic effects, other than the negative en- 
ergy components of the outgoing nucleon wave function, 
which are not included in any of the calculations 1 to 8, 
and of FSI, on R. The fully relativistic calculations are 
shown as points 9 and 10. The ratio decreases noticeably, 
in particular with ccl, but it remains slightly larger than 
the observed ratio. Both results are between one and two 
standard deviations from the observed value. 

^ , , , , 1 , , , 1 1 

Udias, PWIA 

^ Udias, full 

El" ' Udias, full + QMC 
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FIG. 2. J? as a function of missing momentum. Using the 
labels of Fig. |l| the curves are dotted (3), dashed (9), and 
solid (11). 

Finally, we include the density dependent form factor 
modifications predicted by the QMC model of Lu et al. 
psf , using a bag constant of 0.8 fm (points 11 and 12). 
These decrease the ratio further by about 4%. The differ- 
ence between the ccl and cc2 results are about the same 
as for points 9 and 10. The effect on the ratio is less than 
the 10% effect discussed in Ref. [Q. However, the calcu- 
lations of Ref. Q averaged over the bound state wave- 
function. As discussed in Ref. |l^], an integration over 
the final state, including the effects of absorption and 
non-locality corrections, reduces the effect. The addition 
of QMC brings the calculation into good agreement with 
the observed value. 

Calculations using Kelly's EMA for similar conditions 
give very similar results. The variations in the result 
due to choice of the BSWF and the effect of Coulomb 
distortions were negligible in both models. 



The dependence of R on the missing momentum was 
found to be small, as shown in Fig. ^. A sample of the 
calculations given in Fig. ^are shown in Fig. ^. The other 
calculations give curves nearly parallel to those shown, 
with separations about the same as the separations of 
the averages shown in Fig. |l|. 

In conclusion, we have measured polarization trans- 
fer in the reaction ^He(e, e'p)'^H for the first time. The 
P'x/P'z ratio is in clear disagreement with PWIA and 
non-relativistic calculations. A full relativistic calcula- 
tion agrees at the two standard deviation level. The 
variation in the result for different choices of the bound- 
state wave function, optical model, and current operator, 
added in quadrature, is less than one standard deviation. 
These measurements give the first evidence that a fully 
relativistic calculation that includes negative energy com- 
ponents giving rise to spinor distortions, is required for 
a correct description of spin transfer in (e, e'p) for *He, 
even at low missing momentum. The addition of a mod- 
ified proton form factor to the calculation, predicted by 
the QMC model, brings the result into good agreement 
with the data. Although the data do favor the models 
with a modified form factor, the statistical significance is 
not sufhcient to exclude calculations without form factor 
modification. 
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